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Abstract 

We propose a rather general description of residual New Physics (NP) effects on the 
top quark couplings. These effects are described in terms of 20 gauge invariant dim = 6 
operators involving gauge and Higgs bosons as well as quarks of the third family. We 
compute their implications for the jti, Zti and tbW vertices and study their observability 
in the process e^e+ —>■ ti with t hW — * M^v^. We present results for the integrated 
cross section, the angular distribution and various decay distribution and polarization 
asymmetries for NLC energies of 0.5 — 2 TeV . Observability limits are discussed and 
interpreted in terms of the NP scales associated to each operator through the unitarity 
constraints. The general landscape of the residual NP effects in the heavy quark and 
bosonic sectors is also presented. 
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1 Introduction 



It is commonly hoped that the high value of the top mass may open a window to- 
wards understanding the mass generation mechanism. It is then important to look at 
the top quark interactions in a very accurate way, searching for possible departures from 
universality, which are somehow associated with the heavy t-mass; i.e. differences from 
the properties of the light quarks and leptons. This is particularly true, if no new par- 
ticles are lying within the reach of the contemplate Colliders. Such top-mass effects are 
of course well known for certain Standard Model (SM) electroweak radiative corrections. 
They increase like m^; as e.g. in the so-called 5p or ei parameters Our search for 
NP will then concentrate on whether there exist any additional effects, somehow related 
to the scalar sector and the large top- mass, rrit, which are beyond those expected in SM. 

The most intriguing hint towards this kind of NP is provided by the present situa- 
tion concerning the Zhh vertex. This vertex receives a well known SM contribution 
proportional to m^, which does not seem sufficient though, to explain the data. Indeed, 
the experimental results at LEPl and at SLC suggest that the SM top effect in ei agrees 
with the top mass value found at Fermilab, while no corresponding agreement is observed 
for T{Z — > hb) Thus, if the present experimental result on T{Z bb) is correct, 
it probably indicates the appearance of a mechanism whose origin must lie beyond SM. 
Various types of ideas for this new physics are possible, partially stemming from the fact 
that the Left-versus-Right structure of the Zbb vertex is not yet completely established 

An additional measurement allowing to determine the asymmetry factor is required 
to clarify the Z —>■ bb situation. This can be achieved either by measuring the forward- 
backward asymmetry at LEPl, or more directly from the measurement at SLC of the 
polarized forward-backward asymmetry 0. At present there exists some disagreement 
between these two measurements. But in any case, the data seem to suggest that if 
an NP effect is present, then it should predominantly be affecting the right-handed Zbb 
amplitude. The situation is further complicated by the observation of a (weaker) anoma- 
lous effect in the Zee vertex, which cannot be associated to an obvious virtual top quark 
contribution and requires a more direct NP source affecting light quarks also [[7|. 

We assume here, that in the foreseeable future, no new particles will be found, beyond 
those present in[| SM. In such a case, NP could only appear in the form of residual 
interactions generated at a very large scale; i.e. A^vp ^ Mw- It may turn out that these 
residual interactions stem from the scalar sector and affect only Higgs and its "partners"; 
i.e. the fermions coupled most strongly to the scalar sector and the gauge bosons. Under 
these conditions, NP should be described by an effective lagrangian expressed in terms of 
SU{3)c X SU{2) X U{1) gauge invariant dim = 6 operators, involving the Higgs together 
with W, Z, 7, the quarks of the third family and the gluon. To somewhat restrict the 
number of such operators, we impose the constraint that the quark depending operators 
should necessarily involve at least one tji field 0. We do this motivated by the form 
of the SM Yukawa couplings in the limit where all fermion masses, except the top, are 

""^ Higgs is an old particle in this sense. 
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neglected. In the present work we also impose CP invariance for NP, and disregard 
operators which, (after the use of the equations of motion), would have rendered 4-quark 
operators involving leptons or light quarks of the first two families. 

There exist 14 such CP-conserving "top" operators which have been classified in In 
addition, there exist 6 CP-conserving purely bosonic ones, which are "blind" with respect 
to the LEPl Physics and have been studied in [§,0. The indirect constraints on these 
operators from the LEPl/SLC measurements (including those from Z — > 66), have been 
established in for the "top" operators, and in ||, ^ for the bosonic ones. These 
constraints appear to be quite mild, calling for a more detail study in a higher energy 
collider. Towards this aim, the observable signatures of the bosonic NP operators through 
the high energy processes e~^e~ —>■ W^W~ [|10], [11]], e"''e~ HZ and e+e~ H'-f [|12|, ^ 
have already been studied. 

In the present work we are interested in the more direct tests of the above operators 
that will be provided by the real top production process e"'"e^ ti and the decay t 
Wb hl^v. Such a study should considerably improve the existing sensitivity limits 
on this kind of NP. Since we expect the NP effects to be rather small, it is sufficient for 
the calculation to restrict ourselves to the leading contributions. Thus, we either restrict 
ourselves to the tree level contribution, whenever this is non-vanishing or (if it vanishes) 
retain only the leading-log 1-loop effect, provided it is enhanced by a power of the large 
top mass, nit. Under these conditions, box diagrams are never important in our studies. 
Thus, we just need to determine the NP effects on the 7tt, Zti and tbW vertices. 

The interesting physical quantities are the integrated cross section, the density matrix 
of the produced t quark, and various angular distributions. We show how the density 
matrix elements can be measured through decay distributions with or without e^-beam 
polarization. The sensitivities of the various observables to each operator are presented 
and the observability limits for the associated couplings are established. With the help 
of unitarity relations, these limits are translated into lower bounds on the scale of cor- 
responding New Physics. Finally we draw the panorama of the knowledge that one can 
reach on the whole set of top and bosonic operators through these tests, as well as through 
the previous indirect ones. 

The contents of the paper are the following: In Section 2 we enumerate the dim = 6 
operators used to construct the effective NP lagrangian, and define their couplings and 
associated NP scales. In Section 3 we compute the corresponding general e"'"e~ — * ti 
helicity amphtude and the top density matrix. Section 4 is devoted to the t —>■ bW bi^ui 
decay of the produced top quark. In Section 5 we compute the SM 1-loop m^-enhanced 
contributions to these amplitudes; and in Section 6 the leading NP contributions for all 
operators considered . The resulting panorama of residual NP effects is discussed in 
Section 7. Two appendices give details about the computations of the NP effects and the 
decay distributions and asymmetries. 
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2 The effective lagrangian. 



The list of the dim = 6, SU{3)c x SU{2) x U{1) gauge invariant and CP-conserving 
operators involving the third family of quarks with at least one tji fieldf], together with 
gauge and scalar boson fields, has been established in [Q. These operators are divided 
into two groups containing four and two quark fields respectively. 



1) Four-quark operators 



0,t = (qMiinqL) , (1) 

= {qLttR){tR~tqL) , (2) 

Ott = liinl,tn)itnrtn) , (3) 

Otb = {iRj^tR){bRj^bn) , (4) 

0j? = itR^,^tn){bnY^bR) , (5) 

Ogg = {tRtL){bRbL) + {iLtR){bLbR) 

-iiRbL)ibRtL) - ibLtR)ihbR) , (6) 

= {iRttL){bRtbL) + {iL^tR){bL^bR) 

-{tRtbL){bRttL) - {bLttR){tLtbR) . (7) 



2) Two-quark operators. 



On 

Otw<!> 
OtB<i> 



where A" (a 



I ($tD^$)(t^^M6^) - r [D^^^^){bR^HR) 
{qLD,tR)D^^ + D^^\{D^tR) qL) , 
(qLcr^^rtR)^ ■ W^, + ^{tRa^^-l'qL) ■ 1^, 



= {qL(y^HR)^B^, + ^\iRa^^qL)B^ 
= \qLa^^''\HR)^ + ^\iRa^^\yL) 
are the usual eight colour matrices. 



^ fj,u 



(9) 
(10) 

(11) 
(12) 
(13) 
(14) 



^These quark fields are of course understood as the weak-eigenstate fields. They are related to the 
fields creating or absorbing the mass-eigenstates through the usual unitary transformations leading to 
the CKM matrix. 
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In the preceding formulae the definitions 



V2 



G, 



(15) 



(16) 



are used where v ~ 246 GeV, Y is the hypercharge of the field on which the covariant 
derivative acts, and and A are the isospin and colour matrices applicable whenever 
acts on isodoublet fermions and quarks respectively. As already stated, in writing (1-14), 
we have used the equations of motion. If these later equations were not used, then two 
more operators are met which contain additional derivatives |l^ . 



3) Bosonic operators. 

In addition to the above fermionic dim = 6 operators, NP may also be hiding in purely 
bosonic ones. Provided CP invariance is imposed, this kind of NP is described by 11 
dim = 6 purely bosonic operators first classified in Here, we retain only the six 



"blind" or "super-blind" ones [|T5|, which are not severely constrained by the Z-peak 
experiments [|l^. They are: 



Ow 

Ob<!> 

OuB 
C$2 



,,2 



($t$ _ —^B^'" 5 



.2 



fiu 



4 df,{<l>^<l>)d^{<!>^<l>) 



(17) 

(18) 
(19) 

(20) 

(21) 
(22) 



The remaining five operators (called 0dw,0db,0bw,0<s,i,0^3) [§] are ignored here, 
since they are either too severely constrained, or they give no contribution, (up to the 
1-loop level), to the processes we studyQ. 

The resulting effective lagrangian describing the residual NP interactions is written as 



where the contribution from the 14 {i = 1...14) "top" operators is 

^ mi 

1 t. 



(23) 



(24) 



'For a possibly less strong constraint on Odw ,Odb see 



|17 
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while the purely bosonic ones give 



bos 



A 



w 



(25) 



As a whole we have 20 independent operators that we shall occasionally globally label as 
Ci, with i = 1,...20. 

To each of the coupling constants (or Xw, d, ds) appearing in this lagrangian, a 
corresponding New Physics scale Aatp is associated through the unitarity relations estab- 
lished in |jl8|, O, |14|. Obviously K^p generally depends on the operator Oi considered. 



Thus for the 6 purely bosonic operators we have found'' |T^, 



lA 



w\ 



19 



1/ 



B\ 



98 



w 



A2 



w\ 



31 



w 



A2 



(26) 



I/. 



104.5 (^\ 



6.5 



for d > 



104.5 f^V 

^ ^ [AnpJ 

195.8 



200 



75 



Ml 



for d < 



for (i^ > 



for (is < 



(27) 



(29) 



On the other hand, for the 14 "top" operators, unitarity give^ fl^ 

\fqt\ 

1 4 



<-(8)| 



167r 


/ ml 


3 


Wnp 


97r 


f mf ^ 




WnpJ 


67r j 




K^NpJ 



(30) 
(31) 
(32) 



^The expression for /$2 is only valid for Ajvp S> 3.7TeV. A more detail discussion is given in [[l2[ . 

^In the expression for Otc* we assumed Aatp < lOTeV. Our results are derived by considering four- 
body amplitudes at the tree approximation. This may not be adequate for On which is given by the 
standard top Yukawa interaction multiplied by <i>^$. This problem is not further investigated though, 
since On never contributes to the processes studied here. 
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2 

mf 



14? I - U^l , (36) 



l/t2| ^ Sttv^ (^] , (38) 




|/,3| ^ 87rV6 , (39) 



1/^,1 ^ 8.2 (^) , (40) 
- f^l , (41) 



1 + 645^ y^^p 



NP 



2 



. ^ii^ ^1^1 , (42) 

1 + 645-^ V^^^/ 

|/,«| . ^ ^ . (43) 

vAnp^JI + gfts 

At present the most important constraints on these couphngs arise from the Z-peak 
experiments at LEPl/SLC, [pO| , |I6|. In a near future the process e"'"e~ W^W" at 



LEP2, is expected to give direct constraints on the bosonic operators in (17-19) |[TT|, 
In addition, if the Higgs boson is light enough the processes e^e' —>■ HZ and e^e~ H'-f 
will also produce constraints on the 3 other bosonic operators (20-22) ||12[. In Section 6, 
all these constraints will be presented together with the observability limits that could be 
derived from the e~e+ — >• ti and t —>■ bW processes. 



3 The e ^ tt amplitude 

As it has been mentioned in the Introduction, box diagrams are never important for 
calculating the leading NP effects in e~e^ ti. The amplitude has therefore a tree-level 



structure with 7 and Z exchange in the t-channel. Therefore, we only need to determine 
the Vtt^ {y = 7, Z) vertex, whose most general CP-conserving form is 



- zelJ^ = -^eye]:u,{p)[rdnq') + Yl'4iq') + {p - prdl{q')W) , (44) 
where ejf is the polarization of the vector boson V. The outgoing momenta (p, p') refer to 



(t, t) respectively and satisfy q = p + p'. The normalizations are determined by = e 
and ez = e/{2swcw)- The couplings dY are in general dependent form factors. The 
contributions to these from SM at tree level are 

di =- , cti' =9vt=---Sw 1 «2 =-9At = -- ■ (45) 

In addition, there exist SM contributions to these couplings at the 1-loop level, d^'^^^, 
whose leading large part is computed in Sect. 5. Finally in Section 6 we calculate the 
leading NP contributions to df . For the operators {Ot2, Ont, Otw^i OtB<s>), these arise 
at the tree-level. For {Oqt, O^f, Ou, Otb, C'jg*) and the six purely bosonic operators 
{Ow , Ow<s> , Obcs> , Ojjw ) OjjB , (^$2) "we need to go to the 1-loop in order to find a 
non- vanishing leading- log contribution which is also enhanced by a power of mf. Finally, 
for the operators O^l^ , Oqq , O^^^ , Oa , Ots we get no such leading NP contribution, 
up to the 1-loop order. 

The e~e~^ ti helicity amplitude is written as Fx^ry, where A = A(e~) = — A'(e+) = 
±1/2 denote the e~, helicities, while r and r' represent respectively the t and i helici- 
ties. For completeness we also mention that the (e~, e~^) incoming momenta are denoted 
as {k, k'), while the (t, i) outgoing momenta are (p, p'). Using the couplings defined in 
(0), we write 

Fx,ry = 2Ae2ys(Av/ - 2XBv) I dX[2mt sin OSrr' + cos 0(r' - r) - 2\^5r,-r'] 

-42|"p'|[cos^5,,_,/ + 2A(r-r)]-44|"p'rsin^(5,,,| , (46) 

with = -1/s, Az = gve/{4:SwCwDz), = 0, Bz = QAe/ {"^s^c^^Dz) and gve = 
-1/2 + 2s^, QAe = -1/2, Dz = s - Ml + iMzTz. In (HD, ^ is the (e-,t) scattering 



angle in the (e , e+) cm. frame. The amplitude is normalized so that the unpolarized 
e~e+ — > tt differential cross section is given by 

da{e-e+ tt) 3pt 

a cos 8 1287rs , , 

A,T,r' 

where Pt = (1 ~ l^)i/2 ^^d the colour factor has been included. We note that CP 
invariance implies ||2l| 

F\,t,ti = Fx^-t',-t , (48) 
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which is of course satisfied by (^B]). In fact, at the level of approximations used in con- 
structing (^61), CPT implies also 



A,r,r' 



F*.r'-r , (49) 



which indicates that all helicity amplitudes must be real. 

Because of CP and CPT symmetries, it turns out that the simple t (or t) decay 
distribution contains all information that can be extracted from the amplitudes in (^61). 
Thus, nothing more can be learned by considering the combined decay distributions of t 
and i simultaneously. It is, therefore, sufficient to consider only the simple spin density 
matrix of the produced t or i. For top-quark , this is 

Pnf. = E ^A,.„.'F,V„., , (50) 
r' 

where L,R correspond respectively to A = A(e~) = — A'(e+) = =Fl/2- There are only six 
independent elements (real in our case), p++ , P-'^ and p^'^ = pb^, which can be measured 
through the top production and decay distributions. Each p element has a typical angular 
distribution given in terms of the form (l-|-cos^ 9), sin^ 9 and cos^, producing symmetrical 
and asymmetrical 6'-distributions. Combining this with the decay angular information, 
various p elements can be isolated. Performing such measurements at a few e~e+ energies, 
even for unpolarized beams, one can define a sufficient number of independent quantities 
that can be used to determine the six couplings df , V = 'j, Z , i = 1,3. Many of these 
quantities, (and in particular those of interest here), are forward-backward asymmetries 
in the angular distribution of physical observables concerning the produced top-quark. 



QCD effects to these observables are probably small [[19i |2^ , and in any case they should 
be incorporated in our formalism in the future. 

Electron beam polarization should provide an independent and maybe cleaner way 
to disentangle these couplings, through the separation of left-handed (L ■<=^ A = —1/2) 
and right-handed {R X = +1/2) contributions. Thus, in addition to the unpolarized 
quantities, we would then also have the L — R ones. This way, the information from the 
usual unpolarized L + R integrated cross section a{e~e^ tt), will be augmented by the 
availability of also and allowing us to measure the integrated left-right asymmetry 
^LR defined as {a^ — a^)/{a^ + a^). Similarly, any forward-backward asymmetry con- 
structed for the unpolarized (L + R) case will be accompanied by the corresponding one 
in the polarized {L — R) case. Details are given in Appendix B, where we thus define the 
six forward-backward asymmetries Aps, Aps^poi, HpB, HpB^poh TpB, TpB^poi- 



4 t ^ Wb decay amplitudes and induced asymme- 
tries. 

The t{pt) — > W^{pw)b{pb) decay, where {pt, pw: Pb) are the related momenta, will 
be used to construct the asymmetries mentioned in the last paragraph of the previous 
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section which are sensitive to the NP couphngs affecting the e~e+ —>■ ti, and to (a lesser 
extent) the ones determining t — »• bW. To describe the NP effects in the t decay, we write 
the general t — >■ W~^b vertex in terms of four invariant couplings, related through CPT 
invariance to the other four invariant couplings for i — W~b. These couplings are given 
by 



gVt 



where ejf * is the W polarization vector and Vj^ is the appropriate CKM matrix element. 
The couplings dY receive contributions from SM and NP. The tree level SM contribution 
is 

^W.SMO _ _^W,SMO _ ^ ^W,SMO _ ^W,SMQ _ g ^^^2) 

The 1-loop m^-enhanced SM contribution dY'^^^ are computed in Sect. 5 and they also 
satisfy the relations 

,W,SM ,W,SM ,W,SM ,W,SM /r-oN 

di = —d2 5 "3 =04 [06) 

Finally the NP contributions to top decay are also given in Appendix B and collected 
in Sect. 6. Here we only note that the operators {Ots , Oot , Otw^) contribute already 
at the tree level, while Ogg , O^^^ , CiG$, C'vk* , Ob<s> , Ouw , ^■^2 supply 1-loop 
" leading- log" contributions, enhanced by powers of m^. The remaining Oqt, , Ou, 

(8) 

Otb, Olf^ , Oti, Ot2, OtB<i>, Ow and Oub give no such contribution to t — >• bW , up to this 
order. 

In Appendix B we give the explicit forms of the asymmetry observables, sensitive to 
the production couplings defined in (|4^) , and the decay ones in (|5lD . Since we expect 
the NP effects to be small, we are only interested in observables that are sensitive to the 
interferences between the NP and the tree-level SM effects. Below, we first comment on 
the asymmetries sensitive to the decay couplings and then on the production ones. 

The t — *• bW^ — ^ bl'^v observables which are interesting to measure are those sensitive 
to the interference between the NP and the tree-level SM effects. It turns out that these 
depend only on the combinations [d^'^^ —d^''^^) and {d!^'^^ ^-d^''^^)- The couphngs 
have the peculiarity of leading only to a W, longitudinally polarized along the t quark 
momentum, whereas d^ contribute to both the transverse and longitudinal W's. Because 
of this, only the combination (d^'^'^ + d^'^^) can contribute linearly to the asymmetries 
relevant for the top decay distribution. In Appendix B, two versions of such an asymmetry 
are given, referring to the angular distribution of the lepton coming from the semileptonic 
t or t decay. 

The other combination {d!^'^^ — d^^^) cannot be seen at linear order through asym- 
metries. For a physical quantity sensitive to it, we have to look at the partial width 
r(t ^ Wb) 

n lT/*|2|'m2 _ A/f2 \i 

= ;l,^^3 {[(O^ + (dYnm^, + 2Ml) 



+ [{dff + «)^](m? - Mlf + 2[dYdY - dYdY)]m,{ml - M^)} , (54) 
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where it appears multiplied by the CKM matrix element also. Unfortunately, the width 
r(t — »• Wb) cannot be directly measured to the necessary accuracy. Only indirectly can 
this be done, either using the fusion process W'j tb accessible at an e~e~^ collider in 
the 67 mode (through laser backscattering) ; or using reactions like qq/ — > tb and Wg — tb 
accessible at the Tevatron and LHC colliders respectively. For such a measurement, one 



can expect an accuracy of only about 20 to 30 % for (rff^'^'^ — d^'^'^) p^, p4 |. 

We next turn to the asymmetries sensitive to the production couplings defined in (^if) . 
For constructing them, we need a description of the angular distribution of top production 
and decay. Below, we only give expressions for completely longitudinally polarized beams. 
In such a case, the angular distribution for e~e'^ tt{t bW —>■ blvi)) can be written as 

l./^A.,.'FA...'^n.. , (55) 

T1T2T' 

where {L,R) correspond to A = A(e~) = — A'(e+) = =Fl/2 respectively and tT-iT2 is the t- 
quark decay matrix constructed in terms of the helicity amplitude Air{t — * bW~^ bl'^u), 
with r being the top helicity. We thus have 

tr,r, = ■Mr.Ml^d^siblUl) , (56) 

"^^ti- t spins 

where is the total top-width, Jospins means summation over the final (6, /+,//;) spins 



and d^^(bliyi) is the usual 3-body phase space describing t decay in its rest frame, . 

It is convenient to express the 3-body phase space in terms of the Euler angles de- 
termining the t-decay plane. We start from the process e~{k)e~^{k') — > t{p)t{p') in the 
center of mass frame, where with 6 we denote the (e~,t) scattering angle. The t-quark 
rest frame (called t-frame hereafter) is then defined with its z-axis along the top-quark 
momentum; the x-axis is taken in the {t i) production plane, so that the y-axis is perpen- 
dicular to it and along the direction of k x of the e~ and t momenta. In this t-frame 
we define the top decay plane through the Euler angles {ipi, t^i, '?/'i) described in Appendix 
B. In addition, within the top decay plane we define 9i as the angle between the lepton 
momentum and the top momentum, after having boosted to the W-rest frame |jl9|. It is 
related to the energy in the t-frame by 

+ M^- cos ei{m',-M^) 
— \V i\ — ! 1-3 'J 

where the (6, /+) masses are neglected. In terms of the Euler angles, the 3-body phase 
space becomes 



SiiPi+Puf - M^)d$3(Wz/z) ^d¥Pirfcos79i#irfcos^z , (58) 

after including the constraint that the lu pair lies at the W mass shell. Like p, the 
matrix t^-^^^ also involves three real independent elements {T1T2) = (++), ( ) and (H — ). 
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They are explicitly written in terms of the above angles in Appendix B. Using these, we 
construct the three forward-backward asymmetries for the unpolarized case (L + R) and 
another three for the polarized one {L — R), which can be used to measure the production 
couplings in (HI). 



5 Leading mt-enhanced SM contributions at 1-loop. 



In the present section we study the 1-loop, m^-enhanced SM contributions to e~e~^ ti 
and t — >■ bW. Technically this means that we consider the large limit of the 1-loop 
diagrams, keeping rriH/mt and s/m^ = /ml finite. Such a study is useful for checking 
the possible appearance of any large rrtt effect. It is also instructive for comparison with 
the corresponding NP effects. The relevant diagrams supplying such enhancements 
consist of triangular vertex-diagrams for the 7tt Wth vertices, and also of the t 

and h self-energy diagrams; involving exchanges of goldstone bosons and the physical 
Higgs. Diagrams involving gauge boson exchanges, or box diagrams, cannot generate m^- 



enhancements. We have checked that these contributions to the form factors in (^, 
are gauge invariant and determine the complete SM large-g^, large-m^ effect in e~e^ —>■ tt 
and t — i> bW. Note that we leave aside the gauge boson (7, Z, W) self-energy contributions 
which are universal (i.e. not related to the tt channel) and are taken into account in the 
usual renormalization procedure, For > 4m^, the resulting 1-loop contributions 
to the form factors defined in (44) is given by 



di' (g ) 



ds W ) 



-C 



+ Is 



3 

rl U 1, 

2 — -'0 



+ -Jo - -Ji + -{I2 + hn) 

6 b 6 



2. 



3mt 
C 



3 + Ise , 

4 

9^2 1 



2s2 



){h + hH-2JAH] 



c 

C_ 

nit 



3 + Is 



4 



■ + 



2s' 



w 



+ 



■/o--(l 
3 2^ 



9^2 



)Jl + I 



IH 



\{I2 + I2h)+\j3h] 



4^ 3 ' 



J2H - (1 



4s 



(59) 
(60) 
(61) 

(62) 

(63) 
(64) 



with C = g'ml/{64n'M^), and 

Ise = -2 dx{l- x)\n\x' + C{1- x)] = 3 
Jo 
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2C (^1 - ln(C) - C - (C - 2)v^C(C-4)-2eArcosh - ze 

rl rl — xi 

Iq = 2 dxi I dx2 ln[(xi + X2){xi + X2 — 1) — 477x1X2] , 
Jo Jo 

IiH = 2 J J dxidx2 ln[(xi + X2 — 1)^ — 477x1X2 + C^^i] , 
/2 = 2//c^xic^X2ln[(xi+X2r-4,xiX2], 
hn ^'^ J J dxidx2 ln[(xi + X2)^ - 477x1X2 + C(l - Xi - X2)] , 



Jq = 2 J J dxidx- 



(Xi + X2)(Xi + X2 - 1) 



J' 



2H 



Jl 



dxidx2 



(Xi + X2)(xi + X2 - 1) 
(Xi + X2 - 1' 
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(65) 

(66) 
(67) 
(68) 
(69) 

(70) 
(71) 
(72) 
(73) 
(74) 

(xi + X2)^ - 477x1X2 + C(l - a;i - X2) 

with ?7 = (g^ + ie)/{4:mf) and ( = m'jj/mf. The double integration runs over the inter- 
val [0,1] for Xi, and [0,1 — Xi] for X2. These integrals have been computed partially 
analytically and partially numerically^. 

It can be noted from these results that close to threshold {i.e. 
a rather strong m^/m^ dependence arising from the triangle diagrams involving physical 
Higgs exchange. If we put rrit ^ mn, then the SM contribution acquires infrared- type 
singularities, which are obviously related to the stability of scalar sector requiring rrit ~ 
niH for physically acceptable masses, |27 



dxidx2-, — 

(Xi + X2)(Xi + X2 
(Xi + X2)(Xi +X2-2) 



■ + 



477X1X2 
477X1X2 ' 

(Xi +X2)^ 



J. 



(Xi + X2Y - 477X1X2 + C(l - Xi- X2) (Xi + X2)^ - 477X1X2 

2(1-J(xi+X2-1)) 



J. 



iH 



dxidx2- 



dxidx2- 



Xi + X2)^ - 477X1X2 + C(l - Xi ~ X2) 



2 - |(Xi + X2 



r 



g2 ^ 



4771^), there is 



In Fig.l we plot (in units of the coefficient C ^ 0.003), these SM contributions to the 
six form factors, as functions of y/q^ = {2Ee), for mn = 0.1 TeV and > Amf. For 

> (0.5 TeVY we find from this figure an effect of the order of 1% for the vector 7^ 
coupling, and of the order of 3 per mille for the other vector and axial couplings. The 
"derivative" ^3'^ couplings are somewhat weaker. 

We next turn to the 777^-enhanced SM corrections to the t hW decay. The resulting 
1-loop contributions, expressed in terms of the decay couplings defined in (51), is 



dl 



W,SM1 



d. 



W,SM1 



C 



■5 1 

- + -he 

4 4 



4-' 



(75) 



^We thank N.D. Vlachos for his help in this numerical computation. 
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,w,SMi ■,w,SMi ^ n I u 1 /"7«^ 

4 = = - 7; — 1 + H2 , (76) 

2mt 



where 



Hi = 2 J J dxidx2 ln[xi(xi + X2) - ({xi + X2 - 1)] , (77) 
1 1 ^^^'^^'^xi{xi + X2) - C{xi + X2 - I) ' ^'^^^ 



Fig.l: 1-loop SM contributions to the dj and form factors defined in (0)), as 

functions of \/q^ = 2Ep. 



For rriH = 0.1 TeV these equations give 

^w,SMi ^ _ ^w,SMi ^ c{-0.92) , (79) 

iW,SMi iW,SMi ^ /0.0728\ , , 

d, = d, = C (-^) . (80) 

Comparing the definition of the various couphngs given in (51), with the relations (75,76), 
we remark that the SM m^-enhanced couphngs only affect the left-handed field. This 
is also obvious from the structure of the relevant diagrams. 

6 The NP effects. 

In Appendix A we enumerate the relevant diagrams giving the leading NP contribution 
to e^e^ —>■ ti and t —>■ bW, for each kind of operator. Since box diagrams are never 
important, the leading NP contribution to e~e^ ti can be expressed in terms of the NP 
contributions to the form factors introduced in (^^. Here, s = > 4mf is understood. 
As already stated, the operators {Ot2 , Oot , Otw<5> , OtB<i>) give tree-level contributions, 
which are 

dj'^^is) = — —{s^ftW'S' + swCwftB'S') , (81) 

xi,NP ( \ _ 2\f2Mw I 2 r , f \ /'co^ 

"3 — o 2~V^WJtW^ + SwCwJtB<P , lo^J 

e^mf 

,z,NPf ^ _ 2M^ 8^/2Mw, 2 f , f \ fQo\ 

"1 \S) — 2 — 2 H 2 \~(^wJtw^ + SwCwJtB<i>) , {06} 

g g rrit 
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4^^(.) = -^/.2 , (84) 

■lZ,NP, N A\/2Mw , 2 f r \ /Qr\ 

We next turn to the operators contributing only at the 1-loop leveL As explained 
above, we consider only the leading NP effect determined by the divergent partQ of the 
Feynman integrals, provided it is enhanced by some power of mf. The contributions from 
the " top" -involving operators are then expressed in terms of 



TTT^ 1^(^14 ' (86) 



with A being the divergent integral cutoff identified with the NP scale A^p, and ^ ~ 
^/s being the scale where the effective coupling is measured. For the purely bosonic 
operators, due to their different normalization implied by (24,25), we should replace in 
(H) /,/m2 ^ (Xw/M^, fw/M^, fn/M^, d/v\ dslv^ U^h'') for {Ow. Ow^, Ob^, 
Ouw, OuB, (^$2) respectively. We thus get 



4 32M2 



+ —Fw - oo^^2 [Fw^ + Fb>s>] - 2m^Fuw ^ — Fub , (87) 



i-yNP, TP 8s 8s S 9"^^ TP 9^''^t^\Tp TP 1 

d2 [s) = - -F,, - - -Fu + -Ft, - —Fw + ^^[Fw^ " ^Fb^\ 



ry,NPf X l28V2gsMwj^ , TP , ^^tjp ^on^ 

% (■§) = FtG<s> + mtFuw + -irFuB , (89) 

9g 3 

jZ,NP( . _ ss"^ IQss^, / 2 4s£|.\ 2ss^ 
"1 [s) —I'gt — i'gtis) - 4 I — 1 I'tt ^^^^ 

6A^/2gsi3 ~ 8slr)mtMw ^ , sc^^g^ Q^mls ^ 2 ^p 1 

H — -TtG* H ^ — - YeM^"^'^'^ ~ ■^ly-^B-i'J 

-Am^^Fuw + ^^^F^B , (90) 

4""(3) = -(m? - £|l)F,, - (^) (m? - ^)F,,s) - 4(m? - ^-^)Fu 

- ^Ft, - -^Fw + (^[clFw^ + 3s^F^^] - Am]F^2 , (91) 
^We always use dimensional regularization. 



15 



% i-V = n ^*G-f + 2mtCy^,Fuw 5 Fub ■ (92) 

Similarly, for the t bW couplings defined in (|5lD, the non vanishing tree level NP 
contributions are 

w,NP W2Mw 

"1 — — 5"jt3 — — 5 — jiVF* 5 iy<jj 

g mf g rrit 

"2 — ~^ — 2^*3 + — 5 — jiVF* 5 ly^j 

,W,NP 4:y/2Mw r Mw , 

'^4 — — o — —Jtw^ — — — ^/Dt • lyoj 
g^mf gV^mf 

Correspondingly, the non vanishing 1-loop m^-enhanced NP contributions (for the oper- 
ators which do not have any tree-level ones) are 

, 'i2^/2mtMwgs ^ , g^ni1{l?,sl, - 3) ^ 
d, = —F,, + + F,a^ + ^ Fw^ 

2 22 

+ ^^^FB^-2mlFuw + '2m]F^2 , (97) 



^2V2mtMwgs p (7 V(13s2^, - 3) ^ 
ci2 - -^F,, + ^i^..(8) F,G<, ^ Fw>, 

-^^^^^FB^ + 2mlFuw-2mlF^2 , (9^ 



jW,NP mtrp ^rrit ?>2^/2Mwgs^ 
"3 - - ^^gg(8) ^iG* 

^2mt(lls^ - 6) 5g^mts^ 



Fw^ - ^^TTT^Fb^ + 2mtFuw , (99) 



24c^ ^''^ 24c^ 



,iy,7VP "^ir;. , 8"^*!:. 32y/2Mwgsrp 
"4 - + ^^99(8) ^ ^tG* 

o7"2 ^77^ -^■B'l' + ^rrittuw ■ l-LUUj 
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We now review the NP effects of each operator on the various observables. First note 
that the operators 0].fj and On give no contribution (within our approximations) to either 
production or decay. The effects of the rest are illustrated in Table 1, where we give the 
NP couplings used and the implications for the t — > bW decay observables. The effects 
on top production through e~e+ ti are presented in^ Figs.2-9c. 



Fig. 2: NP effects for Oqt as seen in the unpolarized cross section a{e^e^ —* tt), as a 
function of the cm. energy 2Ee. The indicated value of the fgt coupling is chosen to 
create a 30% effect. Similar results are obtained for the contributing operators Ot2, Ont, 
Otw^, OtB^, Cgf , Ott, Otb, OtG<i> and Ow, Ow<s>, Ob<s>, Ouw, Oub and C>$2, using the 
NP couplings shown in the second column of Table 1. 



®Note that in the figures, the signatures of O^j are never shown exphcitly, since they are identical 
to those from Oqt, apart from an overall normalization factor of 16/3. 
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Fig. 3: NP effects on the unpolarized forward-backward asymmetry in the differential 
cross section ^^7^(6^6+ — > tt), as function of the cm. energy 2Ee, for the NP couphngs 
in Table 1. (a): 4-quark NP operators; Ou effect is similar to Otb- (b): 2-quark NP 
operators; Ots^ gives similar effects to Otw^- (c): purely bosonic NP operators; the 
effects of Ow^ and Oub are similar to those from Ow and Ouw respectively. 
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Fig. 4: NP effects on the unpolarized forward-backward asymmetry in tiie top average 
helicity HpB{e^e^ tt), as function of the cm. energy 2Ef,, for the NP couplings in 
Table 1. (a): 4-quark NP operators, (b): 2-quark NP operators; the OtB'i> effect is 
similar to 1/3 the one from Otw^', while the effect from Oot is very small, (c): purely 
bosonic operators; Ow^ behaves similarly to Ow] while Oub gives a very small 

contribution. 



Fig. 5: NP effects on the unpolarized forward-backward asymmetry in the top transverse 
polarization TFB(e~e+ tt), as function of the cm. energy 2Ee, for the NP couplings 
in Table 1. (a): 4-quark NP operators. (bl),(b2): 2-quark NP operators, (c): purely 
bosonic operators; Ow<s> behaves similarly to Ow', Ouw gives very small effect for 
d = —5.94, while for d = 5.94 the effect is similar to the one from 0$2 for /$2 = 11-9. 



Fig. 6: NP effects, for longitudinally polarized beams, on the Left- Right asymmetry Alr, 
for the NP couplings in Table 1. (a): 4-quark NP operators; Ou effect is similar to Otb- 
(b): 2-quark NP operators; OtG4> effect is very small, (c): purely bosonic NP operators; 
the effect of Ow^ is of similar magnitude but opposite sign to the one from Ow] while 

the 0$2 effect is very small. 



Fig. 7: NP effects on the polarized forward-backward asymmetry in the differential cross 
section AFB,poi{e~e.'^ — > if), as function of the cm. energy 2Ee, for the NP couphngs in 

Tabic 1. (a): 4-quark NP operators; Ou effect is similar to Otb- (b): 2-quark NP 
operators; Ofz effect is similar to OtG't> give, (c): purely bosonic NP operators; Ow^ 
and Ow effects are of equal magnitude but of opposite sign to the O^* effect. 



Fig. 8: NP effects on the polarized forward-backward asymmetry in the top average 
hehcity Hfb,poi{^''^'^ tt), as function of the cm. energy 2Ee, for the NP couplings in 

Table 1. (a): 4-quark NP operators, (b): 2-quark NP operators; OtB<i> and Otw^ 
behave similarly; Opt effect is very small, (c): purely bosonic operators; Oub behaves 
similarly to Ouw', Ow^ effect is similar to Ow 
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Fig.9: NP effects on the polarized forward-backward asymmetry in the top transverse 
polarization TpB,po/(e~e+ — > tt), as function of the cm. energy 2Eg, for the NP 
couplings in Table 1. (a): 4-quark NP operators, (b): 2-quark NP operators; The size 
of the OtG^ effect ~ (| — l)Ot2; while the effect from Otw^ is a rough average of the 
OtB^ and Oot ones, (c): purely bosonic operators; the effects of Ow, Ow^ and Ob^ 

are not shown since they are small. 



In order to make the production effects clearly visible in the figures, we have chosen 
the NP couplings such that the NP effect is about ±30% of the SM prediction on the 
integrated cross section. A corresponding choice with respect to the NP contribution to 
r{t ^ bW) has also been made for those operators which contribute only to decay and not 
to production. The third column in Table 1 identifies the operators giving non-vanishing 
contribution to top production either at the tree or at the 1-loop level. The rest of the 
columns in Table 1 describe the NP effects on r(t — bW) and the two forward-backward 
asymmetries constructed in Appendix B for the semileptonic top decay. 
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Table 1: NP couplings and effects on production and decay observables. 


Ui 


ji, a, ciB, Avy 


e rr 


L [t ^ bW ) 


ni 

DpB 


DpB 


O IVi 




1 


L.OOOl 


n 991 n 










Nn 


Nn 




+ (-^qt 


(+, -jU.d4 


loop 


iNo 


iNo 


iNo 




(+, -j(J.27 


loop 


iNo 


iNo 


iNo 


+^tb 


[+, -jU.b 


loop 


iNo 


iNo 


iNO 






No 


No 


No 


No 




(+,-)3 


No 


1.5583 


0.2210 


-0.5384 




(+,-)3 


No 


1.5644 


0.2210 


-0.5384, -0.5383 


+Oti 




No 


No 


No 


No 


+ Ot2 


(+,-)0.12 


tree 


No 


No 


No 


+ Ot3 


(+,-)0.9 


No 


2.7910 


0.2211 


-0.5385, -0.5388 


+ ODt 


(+,-)0.51 


tree 


0.9373,5.4581 


0.2211 


-0.5385 




(-,+)0.012 


tree 


1.6619, 1.4597 


0.2407,0.2030 


-0.6720, -0.4491 


OtB<l> 


(-, +)0.009 


tree 


No 


No 


No 




(+, -)0.24 


loop 


1.5041, 1.6136 


0.2117,0.2313 


-0.4860, -0.6034 


+Ow 


(+,-)0.40 


loop 


No 


No 


No 




(-,+)0.63 


loop 


1.5523,1.5639 


0.2219,0.2202 


-0.5433,-0.5336 


+Ob^ 


(-,+)0.75 


loop 


1.5600,1.5561 


0.2207,0.2214 


-0.5365,0.5404 


+Ouw 


(-,+)5.94 


loop 


1.6770,1.4463 


0.2437,0.2022 


-0.6964, -0.4388 


+ OuB 


(-,+)5.35 


loop 


No 


No 


No 


+ 0$2 


(+,-)11.9 


loop 


2.1235 


0.2210 


-0.5384 



In Fig. 2 we give the NP results for the integrated unpolarized cross section a{e~e^ 
ti) for the Oqt case. Similar results would appear for all other operators, if the associated 
coupling constants take the values given in Table 1. The particular characteristics of each 
operator may then be studied by looking at the other observables appearing in the 4th- 
6th columns of Table 1 and in Figs.3a-9c. In detail, for unpolarized beams, the forward- 
backward asymmetry Aps is illustrated in Figs.3a,b,c, the asymmetry Hps in Figs.4a,b,c, 
and the asymmetry Tps in Figs.5a,bl,b2,c. Correspondingly, for longitudinally polarized 

beams, the asymmetry Appi is illustrated in Figs.6a,b,c, while the forward-backward 
asymmetry ApB,poi is in Figs.7a,b,c, the asymmetry HpB,poi in Figs.8a,b,c and TpB,poi 
in Figs.9a,b,c. Here, the "a"-figures refer to the 4-quark operators, the "b"-figures to 
the 2-quark ones, and the "c" to the bosonic operators. Occasionally in the figures, the 
results for some operators or observables almost coincide, for the couplings chosen above. 
Whenever this happens, it is just indicated in the figure caption. 

The values for the couphng constants used in Table 1, are often unacceptably large. 
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either because of the existing indirect experimental constraints, or because they would 
imply, through unitarity, a very low NP scale. Nevertheless we used them in order to 
make the NP effects in the figures clearly visible. 

The expected luminosity for a future linear collider is commonly taken as 80(s/Tey^) 
fb~^ per year. Since, the SM cross section for e~^e~ ti is about 170(TeV^ / s) fb, we 
expect a rate of more than 10^ events/year, implying a statistical accuracy of ~ 1% for 
the various physical quantities. The implied observability limits to various NP couplings 
are presented in Table 2, where we also give the present constraints [Q. In getting them, 
we have always assumed that only one NP operator acts at a time. Moreover, we have 
conservatively assumed a total (statistical + systematical) relative accuracy of 5% on 
the integrated cross section for unpolarized beams and an absolute 5% accuracy on 
the asymmetries defined in Appendix B. More precise numbers require of course detailed 
Monte Carlo analyses, taking into account the precise experimental conditions. Finally, 
using the unitarity relations presented in Section 2, we translate the observability limits 
on the various NP couplings, to bounds on the highest related NP scales A^p, to which 
the specific measurements are sensitive. These bounds are also indicated in Table 2. 
In the last three columns we have indicated for each operator separately, the constraints 
established in ref. and the expected LEP2 sensitivity. In all cases except for the Z ^ bb 
case, the absolute value of the coupling constant is meant. 

The following comments should now be made concerning the properties of the various 
operators and the observability limits presented in Table 2: 
Four-quark operators 

0,t and Og); 

Both operators lead to the same effects (apart from an overall normalization factor 16/3). 
They both contribute, at 1-loop, only to the vector and axial form factors and df2- 
They do not contribute to the top decay. So their modifications of the SM predictions 
are always rather uniform as one can see on the figures. The observability limits obtained 
either from the integrated cross section or from Hps, appear to be just marginally com- 
patible with the LEPl constraint from Z bb, to which they also contribute at 1-loop, 

§• 

It induces (through 1-loop) a purely right-handed NP effect to the ■ytt and Ztt couplings. 
There exist no Z-peak constraint on Ou- The observability limit mainly comes from Hps- 
No effect is generated in top decay. 

Its effect is similar to the Ou one. However, it also gives a purely right-handed contribution 
to Z — i> bb, which is thus providing a LEPl constraint. Its observability limit in Table 2, 
is just allowed by the present LEPl results. No effect is generated in top decay. 
^tb ■ 

This operator produces no effect in the processes studied here or in Z-peak physics. 
O,, and Of^. 

They contribute (at the 1-loop level) to the t bW decay couplings dY giving a cr^,y-type 
contribution affecting only the right-handed 6r field. They also give a a^^ contribution to 
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Z bb. Both effects are too small to be observable for reasonable values of the coupling 
constants. They give no contribution to the ■ytt or Ztt vertices. 





Table 2: Sensitivity limits to "top" and "b 


osonic" 


□perators 






in terms of NP couplings and related NP scales A^vp (TeV) 




Onerator 


^ = 0.5 TeV 


v^i = 1 TeV 


v/i = 2 TeV 


Other constraints from 






(Ajvp) 


(A/vp) 




Z ^bb 


LEP2 


Oat 


0.35(1.2) 


0.3(1.3) 


0.2(1.6) 




-0.3 ±0.2 







0.07(1.3) 


0.06(1.4) 


0.04(1.8) 




-0.05 ±0.03 






0.02(5.4) 


0.015(6.2) 


0.01(7.6) 










0.07(3.3) 


0.04(4.4) 


0.03(5.1) 




-0.3 ±0.2 




Otb 














Oqq 










38. ± 22. 




^0(8) 










8 ± 5 




On 
















0.011(11.) 


0.016(9.1) 


0.017(8.9) 


01 


yj . _i_ w . 




On 


from decay 0.045 (6.5) 








Oot 


0.036(2.6) 


0.03(2.9) 


0.025(3.1) 


0.03 


-0.12 ±0.06 






0.002(30.5) 


0.002(30.5) 


0.0015(35) 


0.014 






OtB^ 


0.0015(35.) 


0.0015(35.) 


0.0013(38.) 


0.013 






OtG<S> 


0.02(10.) 


0.03(6.9) 


0.075(2.8) 








Ow 


0.05(1.6) 


0.04(1.7) 


0.02(2.5) 






0.1 


Ow<i> 


0.08(1.6) 


0.06(1.8) 


0.04(2.2) 






0.1 


Ob<s> 


0.025(5.0) 


0.02(5.6) 


0.01(7.9) 






0.1 


Ouw 


0.5(1.2) 


0.8(0.9) 


1.6(0.65) 






0.015 


OuB 


0.5(1.6) 


0.6(1.45) 


1.2(1.0) 






0.05 


C$2 


0.5(1.0) 


1.(0.7) 


2.4(0.5) 






0.01 



Two-quark operators. 

o;[: 

No effect is generated in top production or decay or in Z-peak physics. 

It gives a purely right-handed tree level contribution to the Ztt coupling. At the 1-loop 
level, it also contributes to ei and to the Zbb vertex in a purely left-handed way. Present 
constraints from ei are marginal. There is no effect on the ^tt and tbW vertices at tree 
level. 
Ots: 

At tree level, it produces a right-handed contribution to the tbW vertex. Its most impor- 
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tant constraint should come from r{t bW). There exists no constraint from Z peak 
physics. 
ODt: 

At the tree level, it contributes a derivative coupling to the Ztt vertex, and has right- 
handed contribution to tbW. At the 1-loop level, it contributes to ei and to Zbb in a 
left-handed way, 0. Present constraints from Z-peak are rather marginal. In the linear 
colliders, the dominant effect should come from AFB,poi{e~e~^ tt). 
Otw<i>'- 

It produces genuine tree level magnetic type a^^, couplings to the •ytt, Ztt and tbW 
vertices. The tbW vertex has the additional characteristic that it only involves the left- 
handed fe^-field. Otw^ is presently constrained only by its 1-loop contribution to £3 
1^. The observability limit in the linear colliders arises from the integrated production 
cross section, the top decay width and the decay asymmetries; (mainly the Dp^). This 
observability limit will supply only a very minor improvement to the present one from 
€3. This operator could further be checked by looking for an enhancement in the decay 
if: — i> WZb, with the Z decaying into lepton pairs p4| . It can also contribute tot ^ WHb, 
provided H is sufficiently light. 

It produces similar tree-level effects to the jti and Ztt vertices, but no contribution to 
tbW. The effect in the integrated cross section is similar to the one due to Otw<5>, but the 
effect on is weaker, leaving more chance for observability. 

At the 1-loop level, it produces genuine magnetic type a^,^ couplings to the •yti, Ztt and 
tbW vertices. The tbW vertex has the additional characteristic that it only involves the 
left-handed ^L-field. These properties are hke those for OtW'S>] but appearing at 1-loop, 
rather than at tree level. As a result, there is now no contribution to €3 at 1-loop. Future 
constraints to Otc* from linear colliders should arise from studies of the integrated cross 
section, the decay width and the top decay asymmetries. 



Bosonic operators. 

The effects of these operators on the 7tt, Ztt or tbW vertices, arise only at the 1-loop 
level. 
Ow: 

It contributes only to the left-handed 7tt and Ztt form factors. A visible effect from them 
at a linear collider could appear in Hps and in the cross section. The needed value of 
the coupling falls just below the visibility domain of LEP2. No effect is generated in the 
decay. 

It contributes to the vector and axial form-factors for the 7tt and Ztt vertices. For the 
tbW vertex, C^yj- creates a left-handed and a derivative coupling, such that a left-handed 
bi field is only involved. The visible effects from these couplings at a linear collider are 
similar to those expected from Oy/-, and the same situation with respect to LEP2 is valid. 
The expected effects on t — bW seem to be below the observability level. 
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Ob<!>'- 

It induces the same type of couphngs as Ow<s>- The sensitivity in Hps is now somewhat 
better though; so that there exists the possibihty of a visible effect from the 'ytt and Ztt 
vertices, which will not be already excluded by LEP2. The effects on the t bW decay 
are still unobservable. 
Ouw'- 

As in the Otc* case, it produces genuine magnetic type 0"^,^ type couplings to the -yti, Ztt 
and tbW vertices. The tbW vertex has the additional characteristic that it only involves 
a left-handed fe^-field. Note, that these same properties also arise in the Cjvk# case, 
where they are induced at the tree-level though. Another thing to note is that Ouw is 
very mildly constrained by Z-peak physics, which is also valid for OtG<s>, but not true for 
Otw<s>- A most distinctive signature discriminating Ouw from the other two operators, 
may be obtained by studying e~e+ — > ZH, 'jH [ p^ . 
Oub: 

As far as the 'ytt and Ztt vertices are concerned, the results are similar to the Ouw ones, 
but their ratio is different. For Oub we have df /dj = — 2s^, while in the Ouw case we 
have instead dj /dj = — 2c^. No effect appears in the t bW decay. 

0<l,2'- 

This operator produces a purely axial Ztt vertex, and a left-handed tbW one. There is no 
•yti vertex induced. Visible effects from Ztt could be obtained by looking at Hps and the 
integrated cross section. The study of r(t bW) should also help. Like the two previous 
operators, it could however be more strongly constrained by direct Higgs production. 

7 Panorama of residual NP effects in the heavy quark 
and bosonic sectors 

We have considered the possibility of anomalous top quark couplings induced by 
residual NP effects, described by twenty dim = 6 gauge invariant operators. Fourteen of 
them involve the top quark, and the other six are purely bosonic. The couplings of these 
operators are associated to a NP scale through unitarity relations. 

We have computed the effects of these operators in e'^e~ — *• tt and t —>■ bW decay. For 
e+e~ — *• tt, these effects are described in terms of six independent form factors for the 
general ^tt and Ztt vertices. Correspondingly, the t — >■ bW decay is described in terms 
of four couplings denoted as dY ■ The top quark density matrix can thus be expressed in 
terms of these form factors and couplings. We have shown how one can analyze this density 
matrix in order to get information on the possible forms of NP induced by the various 
operators. The extra information brought by polarized beams, is also considered. 

Thus, in addition to the integrated unpolarized cross section and the L-R asymmetry, 
it is possible for polarized beams to construct six different forward-backward asymmetries 
which should allow to disentangle the effects of the six form factors c/J, dj. It is more 
difficult to disentangle the NP effects on the t — >■ bW decay, as no accurate measurement of 
r{t —>■ bW) is expected, and only one particular combination of decay couplings can easily 
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be measured through an asymmetry with respect to the final lepton, in a semileptonic 
top decay0. 

The consequences of the NP operators on the above form factors and dY couphngs were 
calculated to first order in the NP couplings. The calculation was done to the tree level, 
whenever this gave a non-vanishing contribution. In case there was no such contribution, 
we performed a calculation at the 1-loop level, keeping only the leading-log mj-enhanced 
part. Numerical illustrations have been given for the various observables, which refiect 
the specific properties of each operator. We have then established the corresponding 
observability limits for each operator in terms of the associated coupling constant and 
identified the related NP scale. The results can be summarized as follows. 
4-quark operators: 

Among the seven 4-quark operators, four of them Ogt, , Ou, Otb, could give sizeable 
1-loop effects in e~^e~ tt. Ou is not constrained by Z peak physics, which means that 
e^e^ — > ti would provide a completely new test. The three other operators produce 1-loop 
effects also in Z — bb, which have been studied in |p. The departure from SM presently 
observed mT{Z ^ bb), if attributed to one of these three operators, could produce effects 
which should be easily visible in the Otb case, but would only be marginally observable 
for Ogt and O^^K 

Concerning the remaining three 4-quark operators, we note that Ogg and O^^^ are 

constrained essentially only by t — >• bW 0, while 0[^^ is not sensitive to Z-peak physics 
or e^e+ ^ ti, t ^ bW. 
2-quark operators: 

Four of the seven 2-quark operators, Ot2, O^t, Otw^ and OtB*, produce tree- level effects 
in e+e~ — ti, while Otj, produces a tree-level effect only in t — >• bW . Otc^ contributes at 
1-loop level to both production and decay. However the above four operators Ot2, O^t, 
Otw^, OtB<s> generate also some ej contribution to Z-peak physics. This seems to already 
exclude an observable effect from Ot2 and Oct, but leaves some range for observability to 
Otw<s> and OtB<s>- 

Concerning the rest of the 2-quark operators, we remark that Ots and OtG<s> are 
presently unconstrained; so e~e^ — > ti and t bW bl^v would provided genuine 
new tests of them. On is not observable through these processes though, and its study 
requires tiH production [^. 

Bosonic operators: 

All six bosonic operators contribute at 1-loop to e+e^ ti. Moreover, Oy/^, Ouw and 
C$2 could also significantly contribute to t — > bW . The operators Ow, Ow<s> and Ob>s> 
should have an observability level which would not be excluded by LEP2. Notice that 
Ow<s> has a 1-loop effect in Z ^ bb which could explain the observed anomaly there 0]. 
In this case large effects should be observed in ti production. However a direct study of 
these operators in e~^e~ W^W~ at NLC should be even more stringent. 

The three other bosonic operators involving Higgs field are almost unconstrained at 
present. So nothing excludes their appearance. However if the Higgs mass is low enough 

^The same is also true if a hadronic mode is considered. 



26 



to allow for e+e —> HZ or e+e — * at LEP2 and/or at NLC, then these processes 
would improve the sensitivity limits on these operators by 2 orders of magnitude. 

In conclusion the process e^e" — > tt should bring essential information on residual NP 
effects affecting the heavy quark sector as well as the bosonic (gauge and scalar) sector. Its 
main interest is that it provides direct tests of the presence of genuine operators involving 
the third family of quarks. It could give hints about the origin of the anomalies recently 
observed in the Zbb couplings. 

Acknowledgements: We thank Claudio Verzegnassi for having drawn our attention 
to the m^-enhanced SM contributions and to the bosonic NP contributions to the ti 
production process. 
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Appendix A : New physics vertices generated by the effective 
lagrangian 

It is easy to see that the leading-log mf- enhanced NP contributions to e^e^ — > (up 
to the 1-loop order), come exclusively from vertex diagrams for the 7 — > and Z ^ tt 

vertices and from self-energies. The same is of course true for the diagrams affecting 
t — > bW. Thus, box diagrams never appear. Below we enumerate these contributions for 
the various operators. 

Four-(iuark oi)erators: 

They contribute to the vertices '-ftt, Zti, tbW through 1-loop diagrams involving a 4-quark 
interaction. This interaction can be read off the following extended expressions. Thus, 

Ogt = {iLtR){tRtL) + {hLtR){iRhL) (A.l) 

contributes through t and h loops to the 7^ and Zti vertices, but not to the thW one. 

Oj? = {httR).{iRttL) + {hLttR).{iRthL) (A.2) 

contributes through a b loop only to the 7^, Zti vertices, but not to the tbW one. 

Ott = \ {iRlM {iR^tR) (A.3) 
contributes through i-loop to 7^, Zti but not to tbW. 

Otb = {iR%tR){bRrbR) (A.4) 
contributes through a 6-loop to 7^, Zti but not to i — > bW. 

= iiRlf^^tR) (bRY^bR) (A.5) 

gives no contribution. 

Oqq = {iRtL){bRbL) + (titfl) (6^6^) - {iRbL){bRtL) - {htR) (iibR) (A.6) 
contributes to the tbW vertex, but not to jti, Zti. Finally, the 

OfJ = {iR'^tL).{bR'tbL) + {iL'^tR).{bL'tbR) 

-{iRtbL).(bRttL) {hLttR).{iLtbR) (A.7) 

contributions are obtained from the Oqq ones, by multiplying by the factor 
Two-quark operators: 

Some of the operators in this class contribute already at the tree level, while others 
only at the 1-loop level. The later contributions arise from triangle diagrams for the 
7tt, Zti and tbW vertices, as well as from fcrmion self-energy ones. When an operator 
contributes at tree level, we do not care about its 1-loop contributions. 
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For the operator On, (after subtracting irrelevant contributions to the top mass), we 

get 

On = [x^X~+vH+^{x'x'+H')]{^itt)+-^xHh't)+tX-{^^^^^ (A.8) 

which gives no contribution to the amphtudes we are interested. For the 7, Z — > 
amphtudes, this comes about from the cancellation of the contributions from the vertex 
triangles involving (ttH) and (tHx') exchanges, and the (t//)-sclf-cnergy; while for the 
t —>■ bW decay, the sum of the {tHx^) triangle and the (tif)-self-energy vanishes. The 
operator 

-WX\X'W^ + X^W;) + igz{l - 2sl,)Z^x^x~ + ^ieA^x'^x" 



^^Z,[{v + Hf + x'x'] + ix'd.H - i{v + H)d,x'} 
contributes at tree level to tt production. 

Otz = i{iRi^hR){-^[{v + H-ix')d,x-'-X-'d,{H-ix')]+^X-'W;:x' 
+^Wt[v + H- - ^(t; + H- tx')Z,x^ 



(A.9) 



,j^:i^+H-^xr-^^ 

^(v + H-ix')A,x^} 

^{bRYtR){^[{v + H + tx')d,x- - X'd.iH + tx')] - ^X"^mV 



^^W-iv + H + txr - ^-^{v + H + tx')Z,x- 



-^{v + H + ix^)Ai,x~} 



(A.IO) 



has no effect on tt production, but contributes at tree level to the t bW decay. 

1 



R 



V2 



idf,x' 



+tR 



7 - ^ A - ^ ^3 + H + ix^ 
Z„Y + eAnX H — r=^,j ;= 



n - w''^{-swZf, + cwA^) - i^'t ■ 'd^ 



—d,{H-tx') 
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2\/2cw 



tR 



d 



2 



+ 



t^x ■ a, 



,9s 
2 



id^.x'^ 



_^(l-24^ 
2cw 



■ZaX + eA„ ^ 



(A.ll) 



contributes at tree level to both production and decay. The same is true for 



Hhcr^'tRW^^iv + H + zx') + {tRCT^^''bL)W+{v + H- tx') 



(A.12) 



while 



O 



1 



I ,- 



{ta^''lH)x' + i{bLa^''tn)x 



V2 

contributes at tree level only to ti production. Finally 

1 



i{iRcr^''bL 



(A.13) 



tG<S> 



+z{bLa^''rtR)x- - ^{iRcr^"'\''bL)x^} 



(A.14) 



contributes at 1-loop to production through the (ttg) triangle and the {tg) self-energy; 
and to t — s> bW decay through the (tbg) triangle and the (tg) self-energy. 
Bosonic operators: 

Contributions in this class arise only at the 1-loop level, through triangle and self-energies 
diagrams. Thus, Ow (see (17)) contributes to e~e~^ ti production through the (WWb) 
trianglej^, but gives no contribution to t — >■ bW, since the sum of the m^-enhanced parts 
of the (tW'j) and [tWZ) triangles vanishes. The operator Oiy* (see (18)) contributes to 
production through the [tHx^) and (x'''X~^)triangles; and to decay through the {tx'^l), 
(tx'^Z), (bx^'j) and (bx^Z) triangles. In a similar way (9^$ (see (19)) contributes to 
production through the (tHx^) and {x^X~b) triangles, and to decay through the (tx^'j), 
(tx'^Z), (6x^7) and (bx^Z) triangles. The operator Ouw (see (20)) contributes to pro- 
duction through the {tH'y) and (tHZ) triangles and to decay through {tHW). Cor- 
respondingly, OuB (see (21)) contributes to production through the (tHj) and (tHZ) 
triangles, (like in the Ouw case), but gives no contribution to t — bW decay. Finally (9$2 
(see (22)) induces a renormalization of the physical Higgs field at the tree level. This, in 
turn, gives contributions to production, through the ttif-triangle and the tif-self-energy, 
and to decay through the tif-self-energy. 



^^Ow does not produce terms but it must be taken into consideration since the contribution is 
proportional to s which is larger than Amf for the process under consideration. 
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Appendix B : Top decay distributions 



As discussed in Section 4, it is convenient to express the 3-body phase space d<^z{hlvi) 
in terms of the Euler angles determining the t-decay plane. We start from the process 
e~ {k)e^ {k') — > t{p)t{p') in the center of mass frame, where the momenta are indicated in 
parentheses; and by 9 we denote the (e^,t) scattering angle. The t-frame is defined with 
its z-axis along the top-quark momentum. The x-axis is taken in the (t t) production 
plane, so that the y-axis is perpendicular to it and along the direction of k x^. In order 
to describe the decay-plane of the process t b{pb)l^ {pi)i'i{pt,) , in the t-frame (with the 
momenta indicated in parentheses), we define the Euler rotation 



sin (/?! 

V 



— sin ifi 

C0S</7i 





sin i?i 
1 
— sin i?i cos 





— sin -01 

cos^'i 




,(B.l) 



where (<^i, t?!, V"!) satisfy < ^pi,ipi < 2tt , < 'di < tt. The meaning of these angles is 
given by remarking that the normal to the i-decay plane, with its orientation defined by 
(p'b X '^i), is given by 



n 



I sin i?i cos ip I 
sin i?i sin </7i 
\ cos ■J?! 



(B.2) 



Thus, determine the fi orientation, while the b quark momentum in the i-rest frame 

is determined from ■^i through the relation 











1 


= l« ( 









COS ifi COS di cos ipi — sin Lpi sin ijji 
"'1 </7i COS COS ■^i + COS </7i sin ■^i 
— sin i?i cos ■^i 



(B.3) 



The corresponding expression for the Z+ momentum is obtained from (B.3) by substituting 
p*'^ — > and V'l '01 + Uii-i where yi2 is the angle between the h and Z"*" momenta (in 
the t rest frame). To summarize, it is worthwhile to remark that the above Euler rotation 
moves the z-axis of the t-frame along the normal to the t-decay plane; while the x-axis is 
brought along the p^;, momentum, which of course lies within the decay plane. 

Finally di is the angle between the lepton momentum and the top momentum in the 
W-rest frame, and it is related to the energy in the i-frame by 



mj + M^- cos di{ml - M^) 
4mt 



(B.4) 



where the (6, /"*") masses are neglected. Using these Euler angles, we obtain 



5{{pi+p.f -M^)d^^{hlvi) 



(7717 



Ml] 



64mf(27r)9 



■dip id cos "didilj id cos 6 1 , 



(B.5) 
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for the 3-body phase space in the case where the lu-pair is at the ly-mass shell 

The general expression of the differential cross section for e~^e~ — > tt with t —>■ bW — >■ 
blui and linearly polarized [L{R) e~] and [R{L) e"*"] beams, is written (compare (55,56)) 
as 



d cos 9 d^p id cos 'didip id cos 9 1 \?)2{2t\)^s) TwTtmt\ Arrit 



P^;^^ ■ TZr.r, , (B.6) 



where /3j = (1 — ll^)i/2. in (B.6), p^'^ is the top density matrix defined in (50), while TZ 
is related to the top decay matrix tr-i^r2 introduced in (56,58) by 



2 \2 



difiid cos i!}idi/jid cos 9i 2{2TT)^Tw^tiTT't \ 4mt 



7^nr, . (B.7) 



The p matrix depends only on the e~e~^ tt-production and the angle 9, (see (50)); 
while TZ depends on the three Euler angles ipi, {}i, ipi, (defined in (B.l)) and on the 
dY couplings of (|5T|) and the angle 9i. To simplify the expression for TZ, we only keep 
terms linear in the NP and the 1-loop SM contributions to the couplings dY , defining 

JW ^ ^YSMl ^ ^W,NP ^^^^ 

p^'f^ ■ TZr.r, = l ip++ + p-_)^•^(7^++ + 7^__) + i (p++ - p__)^'^(7^++ - 7^__) 



where 



+ p^'i^(7^+_ + 7^_+) , (Bi 



7^++ + 7^__ = ii + d"^ -dY)[M^Vi + miV2 



+ ('^^-^]{d^ + d^)mlV,^ (B.9) 



mt 



n++-n^^ = {l + dY -dY)imiV4- M^V3 + 2mtMwV5] 

+ ' (ciT + dY)[m',V, + ruMwV,] , (B.IO) 



n+- + n-+ = (1 + d^ ~ d^)[M^VG - m^Vj - 2mtMwV8_ 
(ml — -y^ 



mt 



{dY + OKVV + mtMwVs] , (B.ll) 



and 



Vi = il + cos 9if , V2 = sin^ 9i , (B.12) 
V3 = (1 + cos^^/)^sin'(9i cos?/^! , V4 = sin^ 6^^ sin i^i cos ^/'i , (B.13) 
V5 = (1 + cos6'i) sin6'isin^?isinV'i , (B.14) 
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Vq — {1 + COS ^;)^(cos ipi cos'j?! COS -01 — sin (fi sinV^i) , 
V7 = sin^ 9i (cos ifi cos cos ipi — sin </7i sin ipi) , 



B.15) 
(B.16) 



T4 = 



sin^;(l + cos^i)(cos(/7icos'j?isin'0i + sin(/?icos'0i) . (B-17) 

Using the angular dependence in (B.9-17) and constructing appropriate averages over 
(fi, ■J?! and ■01, it is possible to project quantities proportional to the p factors in each of 
the three terms of the r.h.s. in (B.8). More explicitly these quantities consist of products 
of the corresponding p elements, and of functions of 6i. Remember that the p elements 
depend only on 9 and the NP couplings for jti, Zti. Thus, the subsequent construction 
of forward-backward asymmetries with respect to either 9 or 9i respectively, allows the 
isolation of either the p factor or of the corresponding combination of the couplings. 
To do this we first describe the p elements entering the three terms in (B.8). For this. It 
is convenient to define for i = 1, 2, 3 (compare (44)) 



4„2 2 /V-i 



n 2 '^i 



(B.18) 



where % = s/(s — M|) and the Z width is neglected for s = > 4m^. We then have 



(p++ + p__)^'^ = e^sin2^ 



+ 2e^(l + cos2 




rrit 



=F cos 9 



1617? 



(B.19) 



(P++ - P-)"'^ - e\l + cos' 9) ( ^1 



^ 4e^ cos 9 



41^" 



-(4'^)' 



(B.20) 



L,R 
P+- 



sin 9 



d{ 



L,R 



-d 



L,R 



mt 



d{ 



L,R 



P 



COS 9dr, 



(B.21) 



For unpolarized beams, only the {L + R)/2 combination, like e.g. da'^'^^"^ — 
{d(T^ + d(T^)/2 or (p^ + p^)/2, is measurable through forward-backward asymmetries. 
There are three p and TZ elements that can be studied this way. If longitudinal electron 
beam polarization is available, wc can also consider the corresponding three {p^ — p^) 
combinations and their forward- backward asymmetries. 

Thus, by integrating both sides of (B.6) over dcpidcos'&idtlji, the first term in the r.h.s. 
of (B.8) is projected. Integrating also over cos 9i, and constructing the forward-backward 
asymmetry with respect to the tt production angle 9, allows the study of the NP effects 
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in + p )^'^. This asymmetry is of course the usual forward-backward asymmetry 

in the differential cross section for the top production through e^e~ —>■ tt. We thus have 



A 



FB 



(4)2 + (4)2 + A2[(4)2 + (4)2] + ^[(4 - ^4)^ + « - ^ 

for the unpolarized case, while for the L — R one we have 
A, 



-iB.22) 



^FB,pol 



^[d^d^ + 44] 



(4)2-(4)2 + A'[(4)2 



(4)2] + ^[(4 - ^4)2 - (4 - ^4)^ 



(.B.23) 



The preceding method for constructing the forward-backward asymmetry is just given 
in order to emphasize its similarity to the methods for constructing the other asymme- 
tries bellow. Consequently, by multiplying both sides of (B.6) by either cosi/'i or sin-j/'i 
and integrating over dcp id cos -^idipi, the second term in the r.h.s. of (B.8) is projected. 
Integrating then over cosdi, we construct the forward-backward asymmetry with respect 

to 6, for the quantity (p++ — p )^'^ controlling the angular distribution of the average 

helicity of the produced top-quark. Thus, in terms of the couplings defined in (^), the 
forward-backward asymmetry in the top-quark average helicity is 



H 



FB 



3{(4)2-(4)^ + /3,^[(4)^-(4)^]} 
8A[44 + 44] 

for the unpolarized case, while for the L — R one we have 

3{(4)' + W + A^[(4)' + K)']} 



(B.24) 



H 



FB,pol 



8A[44-44] 



(B.25) 



Finally the third term in the r.h,s, of (B.8) is projected by multiplying both sides of 
(B.6) by quantities hke any one of 

cos-?/'! sin y?! , sin cosy? i cos -i^i , (B.26) 

sin-j/'i sin(y9i , cos cos cos , (B.27) 

and integrating over dipidcosdidipi. The subsequent integration over cosOi allows the 
construction of the forward-backward asymmetry with respect to 6 for the quantity p^^ 
controlling the angular distribution of the top average transverse polarization. Thus, for 
unpolarized beams, the forward-backward asymmetry in the top transverse polarization 
is obtained, which is given by 



FB 



4A 


44 + 44 - 1 




(d^d^ + 44) 


37r 


(4)2 - (4)2 - 


I ™* J 


(44 - 44)' 



(B.28) 
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while for polarized beams the L — R case gives 



FB,pol 



-4A 


^1 ^2 ^1 ^2 




(44 - 44) 


37r 


"(4)2 + (4)2 - 


V ™' ; 


(44 + 44) 



(B.29) 



For any of the preceding three types of forward-backward asymmetries sensitive to 
the tt production couplings, we can construct corresponding asymmetries sensitive to the 
decay couplings . This is done in all cases by integrating at the last step over cos 6* 
(instead of over cos^^ done above) and constructing the forward-backward asymmetry 
with respect to 6i. As before, we always work to linear order in dt^ . 

Thus, for the first case which led to (B.22,23) we get 



2(2M2, + m?) 



1 - 



2M^ + 



{d 



^ + d^] 



(B.30) 



For the second case, we have already stated that the asymmetries (B.24,25) are ob- 
tained by using either cosipi or smipi to project out the p factor in the second term in 
the r.h.s. of (B.8). For the 9i asymmetry though, these two projections give different 
asymmetries. Thus the asymmetry obtained through cosipi is 



^FB 



-3M? 



w 



2(m? 



2M2.) 



1 - 



mt 



-Mf 



(B.31) 



while the one obtained from sin ipi is independent of d^ and equal to 



4 

3^ 



(B.32) 



Finally in the third case, we get Dl^^ for the asymmetry obtained through the projector 
(B.27), and D'p^ for the asymmetry obtained through (B.26). 

To linear order in the NP couplings, all these asymmetries can be expressed as a 
product of a factor describing the SM contribution, and another factor describing the 
NP correction. For this NP correction a tree level calculation is sufficient. Any QCD 
and 1-loop radiative corrections should in general be incorporated in the SM factor only. 
The QCD corrections have to some extent been studied in |2^, [1^ and have been found 
rather small. In any case this is something which we plan to do in the future. It is also 
interesting to remark that while the production asymmetries are sufficient to determine 
all 4 and 4 couplings even in the unpolarized case; this is not possible for the decay 
couplings. To linear order in the NP top-decay couplings, the above asymmetries are only 
sensitive to the combination d^ + 4^. 

Finally we should also remark that the case where the t-quark decays hadronically, 
while t bl^u, is very similar. Thus, if the orientation of the t-rest frame is defined to 
be like the one obtained from the t- frame by rotating it by 180° around the perpendicular 
to the tt production plane; and if the new Euler angles for the t decay plane are called 
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(</72, '&2: and 61 is defined analogously; then all formulae in this Appendix remain the 
same, except of (B. 12-17) where we should replace 

^1 , ipi , A ^ ^2 , ip2 , -A ■ (B.33) 

This way, all forward-backward asymmetries remain formally identical. Note though, that 
the definition of the top production angle 9 implies that (forward-backward) for t means 
that we should subtract as 

Backward(f) - Forward(f) . (B.34) 



36 



References 



[1] M. Veltman, Nucl. Phys. B123 (1977) 89; M.E. Peskin and T. Takeuchi, Phys. Rev. 
Lett. 65 (1990) 964; G. Altarelli and R. Barbieri, Phys. Lett. B253 (1991) 161. 

[2] A. Akhundov, D. Bardin and T. Riemann, Nucl. Phys. B276 (1986) 1; W. Beenaker 
and W. Holhk, Z. Phys. C40 (1988) 141; B.W. Lynn and R.G. Stuart, Phys. Lett. 
B252 (1990) 676; J. Bernabeu, A. Pich and A. Santamaria, Nucl. Phys. B263 
(1991) 326. 

[3] P.B. Renton, Rapporteur talk at the Int. Conf. on High Energy Physics, Beijing 
(1995); P. Langacker, NSF-ITP-95-140, UPR-0683T, Oct. 95; D.G. Charlton, talk at 
the Int. EPS-HEP Conf. Brussels 1995, PA 8/1-6; K. Hagiwara, talk at the Int. Conf. 
on High Energy Physics, Beijing (1995), KEK-TH-461; P.S. Wells, talk at CERN. 

[4] F.M.Renard and C.Verzegnassi, Phys. Lett. B345 (1995) 500. 

[5] G.Gounaris, F.M.Renard and C.Verzegnassi, Phys. Rev. D52 (1995) 451. 

[6] J.D. Wells, C. Kolda and G.L. Kane Phys. Lett. B338 (1994) 219; C.T. Hill and 
X. Zhang, Phys. Rev. D51 (1995) 3563; T.G. Rizzo, Phys. Rev. D51 (1995) 3811; 
H. Georgi, L. Kaplan, D. Morin and A. Schenk, Phys. Rev. D51 (1995) 3888; Z. 
Zhang and B.-L. Young, Phys. Rev. D51 (1995) 6584; E. Ma and D. Eng, Phys. 
Rev. D53 (1996) 255; J. Sola, |hep-ph/9508339|; E. Ma, [hep-ph/9510289| ; P. Bamert 
et.al. |hep-ph/9602438t D. Atwood et.al. |hep-ph/96032T0| ; P.H. Chankowski and S. 
Pokorski, |hep-ph/96033T0| ; D. Comelli and J.P. Silva, |hep-ph/ 9603221] . 

[7] P. Chiappetta, J. Layssac, P.M. Renard and C. Verzegnassi, Preprint PM/96-05, 
|hep-ph/ 960 13061 ; G. Aharelli, et.al. CERN-Th/96-20, |hep-ph/960132^ . 

[8] K.Hagiwara et al, Phys. Lett. B283 (1992) 353; Phys. Rev. D48 (1993) 2182. 

[9] A. De Riijula et.al. , Nucl. Phys. B384 (1992) 3. 

[10] G.J. Gounaris et al, in Proc. of the Workshop on e+e~ Collisions a 500 GeV:The 
Physics Potential, DESY 92-123B(1992), p.735,ed. P. Zerwas; M. Bilenky, J.L. Kneur, 
P.M. Renard and D. Schildknecht, Nucl. Phys. B419 (1994) 240. M. Bilenky, J.L. 
Kneur, P.M. Renard and D. Schildknecht, Nucl. Phys. B409 (1993) 22. 

[11] G.J. Gounaris et.al. in Physics at LEP2, Yellow Report CERN 96-01, Vol. 1, 525. 

[12] G.Gounaris, F.M.Renard and N.D.Vlachos Nucl.Phys. B459(1996)51. 

[13] K. Hagiwara, M.L. Stong Z. Phys. C62 (1994) 99; W. Kihan, M. Kramer, P.M. 
Zerwas, DESY 95-217, |hep-ph/0603409 . 

[14] G.J. Gounaris, D. Papadamou and P.M. Renard, in preparation. 



37 



[15] G.J.Gounaris, F.M.Renard and G.Tsirigoti, Phys. Lett. B338 (1994) 51. Phys.Lett. 
B350(1995)212. 

K. Hagiwara, S. Matsumoto and R. Szalapski, Phys. Lett. B357 (1995) 411. 

A. Blondel, P.M. Renard, L. Trentadue and C. Verzegnassi, Montpellier preprint, 
PM/96-14 (1996). 

G.J. Gounaris, J. Layssac and P.M. Renard, Phys. Lett. B332 (1994) 146; G.J. 
Gounaris, J. Layssac, J.E. Paschahs and P.M. Renard, Z.Phys.C66(1995)619. 

B. Lampe NucL Phys. B454 (1995) 506, Nucl. Phys. B458 (1996) 23. 

G.Aharelh, R.Barbieri, P.Caravaghos, Phys. Lett. B314 (357) 1993; G.AltareUi, 
CERN-TH.7464/94; and ref.[3]. 

D. Chang, W-Y. Keung and L Philhps, Nucl. Phys. B408 (1993) 286. 



K.G. Chetykin, A.H. Hoang, J.H. Kiihn, M. Steinhauser and T. Teubner, |hep- 
ph/9605311| . 



D.O. Carlson and C.-P. Yuan, MSUHEP-50823, 1995; C.-P. Yuan |hep-ph/9604434 



A.P. Heinson, Inv. talk at XXXI Rencontres de Moriond, March 1996, FERMILAB 
Conf-96/116-E, |hep-ex/96050T0 . 



Particle Data Group, Phys. Rev. D50 (1995) 1290, eqs. (23.13, 23.20). 

F.M.Renard and C. Verzegnassi, Phys. Rev. D52 (1995) 1369, and Phys. Rev. to 
appear. 

M Lindner, Z. Phys. C31 (1986) 295; G. Aharelh and G. Isidori, Phys. Lett. B337 
(1994) 141. 

X.Zhang, S.K. Lee, K. Whisnant and B-L. Young, Phys. Rev. D50 (1994) 7042. 



38 



This figure "figl-l.png" is available in "png" format from: 



http://arXiv.org/ps/hep-ph/9606435v2 



This figure "fig2-l.png" is available in "png" format from: 



http://arXiv.org/ps/hep-ph/9606435v2 



This figure "fig3-l.png" is available in "png" format from: 



http://arXiv.org/ps/hep-ph/9606435v2 



This figure "figl-2.png" is available in "png" format from: 



http://arXiv.org/ps/hep-ph/9606435v2 



This figure "fig2-2.png" is available in "png" format from: 



http://arXiv.org/ps/hep-ph/9606435v2 



This figure "fig3-2.png" is available in "png" format from: 



http://arXiv.org/ps/hep-ph/9606435v2 



This figure "figl-3.png" is available in "png" format from: 



http://arXiv.org/ps/hep-ph/9606435v2 



This figure "fig2-3.png" is available in "png" format from: 



http://arXiv.org/ps/hep-ph/9606435v2 



